The phylogeny of spider flies is presented based on an analysis of DNA sequence data combined with morphological characters for both living and fossil species. We sampled 40 extant and extinct genera across all major lineages of Acroceridae, which were compared with outgroup taxa from various lower brachyceran families. In all, 81 morphological characters of 60 extant and 10 extinct ingroup species were combined with 7.1 kb of DNA sequences of two nuclear (CAD and 28S rDNA) and two mitochondrial genes (COI and 16S rDNA). Results strongly support the monophyly of Acroceridae, with major clades contained within classified here in five extant subfamilies (Acrocerinae, Cyrtinae stat. rev., Ogcodinae stat. rev., Panopinae and Philopotinae) and one extinct subfamily, Archocyrtinae. The evolution of important spider fly traits is discussed, including genitalia and wing venation. The status of the enigmatic Psilodera Gray and Pterodontia Gray as members of the Panopinae is confirmed based on both molecular and morphological data. 820 
Introduction
Parasites and parasitoids are key components of natural, urban and agricultural environments for their role in ecosystem services, population control, and economic and medical impact to humans. A parasite is an organism that associates with one or more hosts through one or more life stages; it negatively impacts the host, but usually at a sublethal level. By contrast, parasitoids (most frequently endopterygote insects) usually associate with one host during their entire larval development, the feeding effects of which typically result in host mortality. Five orders of insects contain true parasitoid species, including Coleoptera, Diptera, Hymenoptera, Lepidoptera and Strepsiptera. With over 18 000 described species, dipteran parasitoids are distributed in 21 families and represent about 20% of the known parasitoid diversity (Eggleton & Belshaw, 1992; Wiegmann et al., 2011) . Parasitoidism has arisen in over 100 independent lineages (Eggleton & Belshaw, 1992; Wiegmann et al., 2011) , thus offering an unparalleled system to understanding the origin, evolution and diversification of the parasitoid life history. Whereas Correspondence: Jessica P. Gillung, Department of Entomology & Nematology, University of California Davis, California, U.S.A. E-mail: jpg.bio@gmail.com most dipteran parasitoids attack other insects, spider flies (Acroceridae) are obligate endoparasitoids of spiders (Araneae), with the exception of Carvalhoa appendiculata Philippi, which can develop as an ectoparasitoid upon emerging from the spider host (Schlinger, 1987; Gillung & Borkent, 2017) . For a detailed revision of spider biology, see Gillung & Borkent (2017) , including a discussion of spider fly planidia found in mites.
Species of Acroceridae attack 26 families of spiders both in Araneomorphae and Mygalomorphae (Gillung & Borkent, 2017) . The first-instar larva is a free-living planidium that actively seeks out and enters a spider host, subsequently developing internally and breathing external air through the host's book lungs (Schlinger, 1987) . Acroceridae contains 60 extant and extinct genera, with approximately 530 species (Schlinger et al., 2013) currently classified into three subfamilies: Acrocerinae, Panopinae and Philopotinae (Schlinger, 1981) . Adult spider flies are morphologically very distinctive, usually with a small head compared with an inflated abdomen and/or hunchbacked thorax, and sometimes with metallic coloration and long, modified mouthparts for nectar feeding (Fig. 1) .
The phylogenetic position of Acroceridae within Lower Brachyceran Diptera is still an open question in fly systematics. The family has been traditionally placed with Nemestrinidae in the Nemestrinoidea, a weakly supported group defined by the presence of parasitic, hypermetamorphic larvae (Woodley, 1989; Yeates, 2002; Shin et al., 2018) . A monophyletic Nemestrinoidea, however, has not been recovered in any quantitative analysis with a sufficient degree of confidence (Yeates, 1994 (Yeates, , 2002 Wiegmann et al., 2011; Shin et al., 2018) . Likewise, Hennig (1973) placed Acroceridae with both Nemestrinidae and Bombyliidae in Nemestrinoidea based on the parasitoid lifestyle of the three families. Nonetheless, Bombyliidae was found to be sister to the rest of Asiloidea (Woodley, 1989; Yeates, 2002) , thus only distantly related to Acroceridae and Nemestrinidae.
Alternatively, Acroceridae was suggested to be more closely related to Tabanidae than to Nemestrinidae (Schlinger, 1960a; Nagatomi, 1992; Griffiths, 1994) , although this was subsequently refuted (Woodley, 1989; Yeates, 2002; Wiegmann et al., 2003) . Recent attempts at inferring the relationships between dipteran families surprisingly recovered Hilarimorphidae as the sister group to Acroceridae, with both families placed as sister to Stratiomyomorpha (Wiegmann et al., 2011) . This relationship, however, has never been recovered in any other study and lacks morphological support. Therefore, a more comprehensive analysis of lower brachyceran relationships with increased gene and taxon sampling is needed to confidently resolve the placement of Acroceridae in the fly Tree of Life.
As opposed to their extrafamilial phylogenetic affinity, the monophyly of Acroceridae is well established and supported by a series of morphological characters, including the antennal flagellum being composed of a single segment, enlarged lower calypter, pleating of the wing membrane, presence of a crossvein 2r-m, and obligate endoparasitoid life history on spiders (Woodley, 1989; Yeates, 2002; Winterton, 2012) . Acroceridae has traditionally been classified into three subfamilies, Acrocerinae, Panopinae and Philopotinae (Schlinger, 1981) . This traditional subfamilial classification, however, has recently been challenged by quantitative molecular studies (Winterton et al., 2007; Gillung et al., 2018) . Phylogenetic analysis of Sanger sequencing data by Winterton et al. (2007) indicated that Acrocerinae is polyphyletic, comprising three independent lineages, and that both Panopinae and Philopotinae are monophyletic. Analysis of phylogenomic data, however, indicated that Acrocerinae in fact comprises four independent lineages, suggesting that the enigmatic Ogcodes Latreille is only distantly related to the remaining acrocerid genera (Gillung et al., 2018) .
Using a total-evidence approach, this study combines morphology with DNA sequence data generated via traditional Sanger and next-generation sequencing methods to provide a robust evolutionary estimate of the relationships within Acroceridae. We expanded the taxon sampling used in both Winterton et al. (2007) and Gillung et al. (2018) to include 12 additional genera of spider flies, further increasing our confidence in the estimated relationships. The classification of Acroceridae is revised, resulting in a new framework for the comparative study of parasitoid flies.
Material and methods

Taxon sampling
DNA samples were obtained for 60 species of Acroceridae from 31 genera, representing all subfamilies and major lineages of spider flies (Table S1 ), which were also sampled for morphological data. In addition, morphological data were sampled for ten fossil species representing nine genera, based on ongoing taxonomic studies (Gillung & Winterton, 2011; Winterton & Gillung, 2012; Schlinger et al., 2013; Borkent et al., 2016; Gillung & Nihei, 2016; Gillung & Winterton, 2017) . The compression fossils Archocyrtus gibbosus Ussatchov and Archocyrtus kovalevi (Nartshuk) were not included due to lack of preserved morphological characters (Gillung & Winterton, 2017) . Uncertainty about Acroceridae affinities (Wiegmann et al., 2011; Shin et al., 2018) precludes the identification of a definitive, closely related outgroup with which to root the tree. For this reason, we included outgroups from multiple brachyceran families, including Bombylius major Linnaeus (Bombyliidae), Dialysis Walker (Xylophagidae), Hirmoneura Meigen (Nemestrinidae), Hilarimorpha Schiner (Hilarimorphidae) and Tabanus Linnaeus (Tabanidae), which were collectively used to root the phylogeny.
DNA extraction and sequencing
Specimens were stored in 95-100% ethanol at −80 ∘ C. Genomic DNA was extracted from whole specimens (when small) or thoracic muscle tissue from large specimens. Voucher specimens are deposited in the California Academy of Sciences (Table S1 ). DNA extractions were carried out as described in Winterton et al. (2007) . Four genes were targeted for amplification and sequencing: two ribosomal genes, 16S and 28S, and two protein-coding genes, cytochrome oxidase I (COI, mitochondrial) and the CPSase region of CAD (nuclear) (Moulton & Wiegmann, 2004) . Both COI and CAD fragments comprised only exonic sequences (Moulton & Wiegmann, 2004) . We manually checked the electropherograms of the newly generated sequence data for base-calling errors. We included two partially overlapping sequences of the CPSase region of CAD: a 1557-bp region obtained via Sanger sequencing following procedures described in Winterton et al. (2007) ; and a 2058-bp region obtained via anchored hybrid enrichment from Gillung et al. (2018) (Table S1 ). CAD sequences were inspected by eye and no introns were identified (i.e. regions characterized by ambiguously aligned sites and presence of multiple stop codons; Moulton & Wiegmann, 2004) . The sequences for primers used in this study are presented in Winterton et al. (2007) . Newly generated data comprised 13% of sequences used in this study (28 sequences ), which are available from  GenBank under the following accession numbers: MH793691,  MH793692, MH793693, MH793694, MH793695, MH793696,  MH793697, MH793698, MH793699, MH793700, MH793701,  MH793702, MH793703, MH793704, MH793705, MH793706,  MH793707, MK002243, MK002244, MK002272, MK002273,  MK002274, MK002275, MK002276, MK002277, MK002278,  MK002279 and MK002280 .
Morphology
Morphological traits were scored for all available extant and fossil taxa for 81 characters. Characters were unordered in all analyses and missing data were scored as '?'. Terminology for the general morphology follows Gillung & Winterton (2017) and Winterton & Barraclough (2017) . Homology of wing veins across spider fly genera was established based on the comparison with a putative generalized ancestral acrocerid wing venation ( Fig. 2) . To establish the ancestral spider fly wing venation, a comparative examination of the wings of all extant and extinct Acroceridae genera was carried out, which were then compared with the wings of putative closely related families, including Bombyliidae, Xylophagidae, Nemestrinidae, Hilarimorphidae and Tabanidae. In the ancestral acrocerid venation, five major veins start at the base of the wing: subcostal (Sc), radius (R), media (M), cubitus (Cu) and anal (A). Veins Sc and A do not fork, whereas the radius subdivides three times: (i) forming veins R 1 and the radial sector; (ii) originating veins R 2+3 and R 4+5 ; and (iii) splitting into veins R 4 and R 5 . The media also subdivides three times: (i) forming veins M 1+2 and M 3+4 ; (ii) splitting into M 1 and M 2 ; and (iii) originating veins M 3 and M 4 . The cubitus, in turn, subdivides only once: forming veins CuA and CuP (Fig. 2) . Also, the generalized spider fly wing contains four cells: basal radial (br), basal medial (bm), discal (d), and r 4+5 . Modifications of the ancestral wing include loss of veins and cells in multiple genera (e.g. Acrocera Meigen, Ogcodes Latreille, Philopota Wiedemann and Pterodontia Gray), and fusion of veins originating extra cells, including fusion of veins R 1 and R 2+3 (forming cell r 1 ), fusion of veins R 2+3 and R 4 (cell r 2+3 ), fusion of R 5 and M 1 (cell r 5 ), fusion of M 3 and M 4 (cell m 3 ) and fusion of CuA and CuP (cubital cell, cup).
The material examined is deposited in the California Academy of Sciences, San Francisco, CA, U.S.A. (CAS), CSCA, Bohart Museum of Entomology, Davis, CA, U.S.A. (UCDC), and MZSP. The morphological character matrix is presented in Table S2 , whereas descriptions of character states are given in the Appendix. For some fossil taxa, morphology for unobservable characters (e.g. internal genitalia) was scored with the typical state for the subfamily if it did not vary in other members of that clade. If a particular character showed any subfamilial variability, then it was scored as '?'.
Alignment estimation
Sequences of all four loci were aligned using mafft v.7.4 (Katoh & Standley, 2014) using the L-INS-i algorithm and the following flags: --thread 10 --threadtb 5 --threadit 0 --reorder --auto input > output. All alignments were inspected by eye in mesquite v. 3.6 (Maddison & Maddison, 2018) . Protein-coding genes were inspected by eye with reference to the respective translated amino acid sequences in mesquite v.3.5. Ambiguously aligned regions of the 28S locus, where positional homology could not be inferred with a reasonable level of confidence, were equivalent to < 4% of total aligned sequence and were thus excluded from the phylogenetic analyses. The fully concatenated dataset comprised 8858 kb of aligned gene sequence (CAD, 3876 bp; COI, 1499 kb; 16S, 546 bp; 28S, 2937 kb). Third codon positions of CAD and COI were excluded due to saturation, and the final alignment used in the phylogenetic analyses comprised 7067 bp. As many species included in this study are rare and DNA was not abundant, not all loci were sequenced for every taxon and the complete, concatenated alignment contained 62% of missing data, with 46% of variable sites. Basic alignment statistics of each partition, including number of sites, number of variable sites, and number of parsimony-informative sites were calculated using amas (Borowiec, 2016) and are presented in Table 1 . Gene sequences were deposited in Gen-Bank and the respective accession numbers are presented in Table S1 .
Phylogenetic constraints
As the combined analysis of DNA sequence data of four loci and morphology does not result in a well-supported backbone phylogeny of spider flies, we used the results from the phylogenomic study of Gillung et al. (2018) to inform our total-evidence analyses. We placed three monophyly constraints as shown in Fig. 3 (numbers in squares): 1, Philopotinae (Cyrtinae + Panopinae); 2, Cyrtinae + Panopinae; and 3, Panopinae. Each clade was strongly supported statistically in the analyses of nucleotides performed by Gillung et al. (2018) , with posterior probabilities (PPs) of 1.0 for each node. We follow the phylogeny based on nucleotides, as opposed to the alternative topology based on amino acids, because the results based on nucleotides were both more robust to alterations of the data and different analytical methods and more compatible with biological (i.e. host usage) and morphological data (i.e. wing venation and genitalia). 
Phylogeny estimation
Phylogenetic analyses were performed in a Bayesian statistical framework using mrbayes (Ronquist & Huelsenbeck, 2003) through the Cipres Science Gateway v.3.3 (Miller et al., 2010) . Data were partitioned by type (DNA sequence, morphology), locus and codon position for protein-coding genes, with third codon positions removed from the analyses. We performed a heuristic search using the 'search = user' option in partitionfinder 2 (Lanfear et al., 2016) to select the best-fitting model for each of the six molecular partitions separately (16S, 28S, CADpos1, CADpos2, COIpos1 and COIpos2), using Bayesian information criterion for model selection. Each partition was treated as a separate data block in partitionfinder, thus preventing concatenation of data blocks. We did not include the GTR + I + G mixture model because this approach has been demonstrated to result in undesirable interactions among parameters (Yang, 1996) . partitionfinder 2 selected a GTR + G mixture model for each of the six partitions. The morphological data matrix was partitioned into groups of characters having the same number of states, resulting in four partitions: two states (57 characters), three states (17 characters), four states (six characters), and five states (one character). All morphological characters were treated as unordered. A distinct Lewis Mkv substitution model (Lewis, 2001) was applied to each partition separately, combined with gamma distributed rates (+G) with a shared shape parameter for each partition to account for variation in substitution rates of different morphological characters. Each analysis consisted of four Markov chain Monte Carlo (MCMC) chains run simultaneously for 50 million generations, with MCMC performance assessed using tracer v. 1.7 (Rambaut et al., 2018) and the output of mrbayes. We ensured that the estimated sample sizes were > 200, and that the average standard deviation of split frequencies were < 1%. Trees were sampled every 1000th generation, and the first 25% were discarded as burn-in. Lastly, a majority rule consensus tree was computed with PPs for each node.
Results
The combined analysis of DNA sequence data and morphology resulted in well-supported topologies overall, with PPs > 0.80 in over 90% of nodes when fossil species are excluded ( Fig. 3 ) and in 75% of nodes when fossils are included ( Fig. 4 ). Acroceridae were recovered as monophyletic with high statistical support and comprised five major clades, represented here as Acrocerinae, Cyrtinae stat. rev., Ogcodinae stat. rev., Panopinae and Philopotinae ( Fig. 4 ). Synapomorphies defining the family include the following: antennal flagellum composed of a single segment, enlarged lower calypter, pleating of the wing membrane and presence of a crossvein 2r-m. Acrocerinae was recovered as sister to the remaining spider flies, containing the extant genera Acrocera Meigen and Carvalhoa Koçak & Kemal, and the fossil genus Schlingeromyia Grimaldi & Hauser (Cretaceous-aged Burmese amber). The subsequent clade contains the subfamily Ogcodinae and the remaining Acroceridae. Ogcodinae comprises only two genera, the extant, species-rich and cosmopolitan Ogcodes Latreille, and the fossil Glaesoncodes Hennig (Paleogene-aged Baltic amber).
Philopotinae was recovered as monophyletic and sister to a clade containing Cyrtinae + Panopinae. Within the well-supported Philopotinae, three clades were recovered: one containing the New Zealand and New Caledonia genera Helle Osten Sacken, and Schlingeriella Gillung & Winterton; the second containing the Neotropical and Palearctic genera Megalybus Philippi, Philopota Wiedemann, Terphis Erichson and Oligoneura Bigot; and the third consisting of the Afrotropical genera Thyllis Erichson and Parahelle Schlinger (Fig. 3) . The inclusion of fossil species in the analyses resulted in increased uncertainty in the relationships among philopotine genera, although there was high statistical support for their subfamilial placement. The fossil genera Eulonchiella Meunier and Hoffeinsomyia Gillung & Winterton were recovered in a clade with the Andean genus Megalybus, while Archaeterphis Hauser & Winterton and Prophilopota Hennig were placed with Philopota, Terphis and Oligoneura, albeit with low statistical support ( Fig. 4 ).
Cyrtinae was recovered as the sister group to Panopinae, consisting of two main clades (Figs 3, 4 and Turbopsebius, and the fossil genus Villalites was placed as sister to Villalus.
Panopinae was found to comprise three main lineages (Figs 3, 4) . Psilodera Gray and Pterodontia Gray were recovered in a clade sister to the remaining Panopinae, which were then divided in two major lineages. The genera Panops Lamarck, Mesophysa Macquart and Apsona Westwood were recovered in a clade with Lasia Wiedemann and Eulonchus Gerstaecker, with high posterior probability. The Australian genera Panops and Mesophysa were recovered as each other's closest relatives, with Panops paraphyletic with respect to Mesophysa. The New Zealand endemic Apsona was recovered as sister to the Nearctic Eulonchus, together in a clade that also contained the New World genus Lasia. The remaining Panopinae were placed in a weakly supported clade containing the enigmatic Corononcodes Speiser, Astomella Latreille, Archipialea Schlinger, Arrhynchus Philippi, Exetasis Macquart, Ocnaea Erichson, Pialea Erichson and Rhysogaster Aldrich. The bizarre Corononcodes was sister to the remaining genera in this clade, albeit with low posterior probability. The Neotropical Pialea was placed in a clade containing the Palearctic Astomella and the Southeast Asian endemic Rhysogaster, the latter two recovered as each other's closest relatives. The last clade of Panopinae contained the Neotropical genera Arrhynchus, Archipialea and Exetasis, and the New World genus Ocnaea, which was recovered as paraphyletic with respect to Exetasis.
The analysis of the combined data without phylogenetic constraints results in a topology ( Figure S1 ) that differs significantly from the topologies where monophyly constraints were placed on the three nodes indicated in the figures (Figs 3, 4 ). In the unconstrained topology, Cyrtinae was recovered as polyphyletic, with Psilodera placed as the closest relative of a cyrtine clade characterized by complete wing venation. In addition, the panopine genera Corononcodes and Pterodontia were nested within a polyphyletic Ogcodes, with posterior probabilities of 0.9-1.0 ( Figure S1 ). Finally, Panopinae was recovered as paraphyletic with respect to Philopotinae, albeit with relatively low statistical support (PP = 0.88; Figure S1 ).
Discussion
The phylogeny presented here is well supported statistically throughout and clarifies some important issues with the previously established classification of Acroceridae (Schlinger, 1981) . Our results also provide important insights into the wing and genitalic morphology of Acroceridae, which are discussed in detail.
Phylogeny of Acroceridae
Relationships among subfamilies of spider flies have previously been studied by Winterton et al. (2007) using Sanger sequencing data, and by Gillung et al. (2018) using phylogenomic data. Winterton et al. (2007) demonstrated the polyphyly of Acrocerinae (sensu Schlinger), indicating that the subfamily consisted of three independent lineages. However, Gillung et al. (2018) indicated that species in the genus Ogcodes represent yet a fourth independent lineage of Acrocerinae, in contrast to the close association of Ogcodes with Pterodontia as recovered in the topologies of Winterton et al. (2007) . The gene sampling used here, however, does not allow us to adequately test the relationships among subfamilies due to lack of resolution for the deep divergences. However, by placing monophyly constraints in three nodes of the backbone tree based on the results of Gillung et al. (2018) (Fig. 2) , we were able to circumvent issues with low nodal support while accessing generic affinities with greater confidence.
Acrocerinae
As expected, a clade composed of the enigmatic Chilean genus Carvalhoa and the cosmopolitan, species-rich Acrocera was recovered as the sister to all other spider flies (Winterton et al., 2007) . In addition, morphological data place the bizarre Burmese amber fossil Schlingeromyia in this clade, here now defined as Acrocerinae in a narrower sense ( Fig. 4 ). The male genitalia and larval morphology and behaviour of species of Acrocerinae contrast considerably with the rest of the family. First, species of Acrocerinae have unique associations with araneomorph spiders in the Haplogynae, whereas the remaining acrocerids attack Entelegynae araneomorph spiders or Mygalomorphae spiders (Gillung & Borkent, 2017) . Second, the first-instar planidial larvae of all other acrocerids have well-sclerotized body segments with setae or scales, and locomote via looping, leaping and flicking (King, 1916; Schlinger, 1960b Schlinger, , 2003 . By contrast, first-instar larvae of Acrocera lack both sclerotization and long setae and are only able to crawl (Overgaard-Nielsen et al., 1999) . The larval behaviour of species of Carvalhoa and Schlingeromyia is unknown, but their placement in Acrocerinae possibly indicates strong similarity with the larvae of Acrocera. Lastly, these three genera are unique among Acroceridae by having articulated gonostyli ( Fig. 5C , G, I) and strongly bulbous and protruding male genitalia (the latter not present in Schlingeromyia) ( Fig. 5A ).
Ogcodinae
The placement of the enigmatic Ogcodes as sister to the remaining Acroceridae (excluding Acrocerinae) was recovered with strong statistical support by Gillung et al. (2018) . The genus was previously placed in the former Acrocerinae (sensu Schlinger) based on morphology (Schlinger, 1981) and Sanger sequence data, albeit with low confidence (Winterton et al., 2007) . However, our analysis of combined DNA sequence data and morphology without phylogenetic constraints also results in the placement of Ogcodes as sister to Pterodontia, in Panopinae. The two genera share numerous morphological characters, including small body size; reduced wing venation with many wing cells absent; relatively small, hemispheric head; placement of antennae in the lower part of the head closer to the mouthparts; and proboscis lacking. As these two genera are not closely related, these traits are likely to be independently derived in each of them (Figs 3, 4; Gillung et al., 2018) . 
Philopotinae
This subfamily is a morphologically bizarre lineage of spider flies characterized by their distinct arched body shape and uniquely enlarged postpronotal lobes forming a collar behind the head. We recovered three major clades ordered broadly following biogeographic regions, with Afrotropical genera sister to New World and Palearctic genera, and Oceanic genera sister to the rest (Fig. 3 ). The close relationship between Helle (New Zealand) and Schlingeriella (New Caledonia) found here is based on a series of shared morphological traits, including bare eyes, antennae placed on the lower part of the head, and presence of maxillary palpi. This close relationship was previously indicated by DNA sequence data by Winterton et al. (2007) and seems quite plausible considering the relatively close geographic proximity of these two island endemics. Interestingly, though, the two genera differ strongly in their wing venation, with Helle having a complete, ancestral-type philopotine set of wing veins and cells ( Fig. 7E ), whereas Schlingeriella exhibits vein M 2 reduced, crossvein 2r-m absent, and cells d and bm absent (Gillung & Winterton, 2011; Gillung & Nihei, 2016) ; this reduction is presumably related to the small body size of Schlingeriella.
Our results indicate a close relationship between the New World genera Megalybus, Terphis and Philopota with the Palearctic genus Oligoneura. In fact, Philopota was recovered as paraphyletic with respect to both Terphis and Oligoneura (Fig. 3 ). Previous analyses of morphological data, by contrast, recovered Philopota as monophyletic, defined by one synapomorphy (i.e. frons height twice as long as width) (Gillung & Nihei, 2016) . Oligoneura was treated as a junior synonym of Philopota for decades by multiple authors (see Gillung & Nihei, 2016) , until Schlinger (1971) resurrected the genus. As currently defined, species of Philopota are restricted to the New World, whereas species of Oligoneura are distributed in the Far Eastern Palearctic (Japan, Northern China, South Korea and Taiwan). The two genera are extremely similar morphologically but can be differentiated by the density of the eye pilosity, frons size and presence/absence of maxillary palpi (Schlinger, 1971; Gillung & Nihei, 2016) . However, these characters are not reliable generic traits as they vary wildly within genera of spider flies; such variation in these characters undermining generic concepts were previously found in Panops (see Winterton, 2012) and Prophilopota (see Gillung & Winterton, 2017) . A more thorough examination of species of both Philopota and Oligoneura, and the analysis of both morphology and DNA sequence data with dense taxon sampling are needed to access their reciprocal monophyly and, thus, status. Similarly, analyses of morphological data placed Terphis in a clade with the philopotine genera Neophilopota (Mexico), Quasi (Mexico) and Africaterphis (Africa) (Gillung & Nihei, 2016) . Quasi, Africaterphis and Terphis have vestigial mouthparts, whereas Neophilopota has functional, elongated mouthparts that are shorter than the head height (cf. Oligoneura and Philopota, in which the proboscis is much longer than the head). In our analyses, Terphis was nested within Philopota, but Gillung & Nihei (2016) placed the genus as sister to Africaterphis based on the presence of two ocelli, eyes contiguous below the antennae, and male abdomen globose (as opposed to conical as in the majority of philopotine species).
In contrast with our results (Fig. 3) , Schlinger (1961 Schlinger ( , 1971 Schlinger ( , 2003 hypothesized that Megalybus (Chile), Helle (New Zealand) and Parahelle (Madagascar) form a clade based on morphology and host relationships. In addition, Gillung & Nihei (2016) suggested that Megalybus is closely related to Thyllis based on their complete wing venation, in which all typical philopotine wing cells and veins are present (e.g. Fig. 7E ). Our results, however, place Megalybus in a clade with the Neotropical and Palearctic genera, suggesting that the wing venation characters shared by the two genera correspond to the retained ancestral state already present in the common ancestor of all Philopotinae. Alternatively, Hennig (1966) suggested that Parahelle (Madagascar), Thyllis (Africa and Madagascar) and Dimacrocolus (Madagascar) form a monophyletic group, and this relationship is also indicated by molecular data, with Parahelle recovered as closely related to Thyllis both in our analyses and in those of Winterton et al. (2007) . These three genera are morphologically very similar, and the differences amongst them could potentially be regarded as intrageneric variation; further investigation is needed to access whether they belong to a single genus or separate genera.
Cyrtinae
We recovered two cyrtine lineages, one consisting of the Holarctic genera Cyrtus, Paracyrtus and Turbopsebius, and the other containing the Chilean genera Holops and Villalus (Figs 3, 4) . A third lineage is probably present in the subfamily, containing the bizarre Afrotropical genera Meruia Sabrosky and Sabroskya Schlinger (Winterton & Gillung, 2012) ; which are likely each other's closest relatives based on their remarkably similar wing venation. These genera, however, were not included in our phylogenetic analyses due to lack of material for DNA extraction, and their affinities are yet unknown. Schlinger (1972) defined the Cyrtus-Opsebius branch of Cyrtinae (former Acrocerinae sensu Schlinger), which contains Asopsebius Nartshuk (Tadzhikistan), Cyrtus (Europe, North Africa), Hadrogaster Schlinger (Taiwan), Nipponcyrtus Schlinger (Japan and Taiwan), Opsebius Costa (Europe and North Africa), Paracyrtus (China and India), Subcyrtus Brunetti (India) and Turbopsebius (North America). These genera, however, are not easily distinguished, and the morphological characters differentiating them include presence/absence of maxillary palpi, length of proboscis, eye pilosity, placement of abdominal spiracles, presence/absence of metallic body coloration and presence/absence of branched hairs on the thorax (Schlinger, 1972; Nartshuk, 1982) . These characters, however, are not only very subtle but have also been found to be extremely variable within other genera of spider flies. For example, species of Panops can have eyes bare or pilose, proboscis with extremely variable length, and body colour metallic or nonmetallic (Winterton, 2012) . Moreover, species of Prophilopota may have maxillary palpi present or absent (Gillung & Winterton, 2017) . Finally, the placement of abdominal spiracles and the type of body hairs on the thorax are likely to have little significance in delimiting genera and should probably be regarded as intrageneric variation. All the aforementioned genera (with the exception of Cyrtus and Turbopsebius) are enigmatic and rarely sampled in entomological collections. Asopsebius and Subcyrtus, for instance, are only known from the holotypes (Schlinger, 1972; Nartshuk, 1982) .
Holops and Villalus are endemic to Chile, easily distinguished from other spider flies by their short, labellate proboscis and costa ending at the wing apex. The two genera are closely related to the Baltic amber fossil Villalites, sharing a body shape which is not arched, and antennae placed on the middle of frons (Fig. 4) . Villalus is unique among Cyrtinae in having the wing membrane covered with microtrichia, and veins R 4+5 and M 3+4 not forked, and Holops can be readily identified by its dense, yellow pile and metallic body coloration.
Panopinae
We recovered three major clades within Panopinae (Figs 3,  4) . A lineage consisting of the South African genus Psilodera and the cosmopolitan Pterodontia was recovered as sister to the rest of the subfamily. Based on morphology, Pterodontia has been alternatively placed in Panopinae (Schiner, 1868; Brunetti, 1926; Schlinger, 1959 Schlinger, , 1981 Nartshuk, 1997) or in Cyrtinae (=Acrocerinae sensu Schlinger) (Cole, 1919; Pleske, 1930; Neboiss, 1971; Nartshuk, 1982; Winterton et al., 2007) . Psilodera has usually been associated with the Cyrtinae (Schlinger, 1981; Winterton et al., 2007) , although in body shape and wing venation it looks more typical of a panopine. There is no morphological synapomorphy identified here to define a subfamily containing only Pterodontia and Psilodera, and we instead place both in Panopinae; accordingly, the concept of the subfamily is slightly modified to accommodate their inclusion. Interestingly, despite their distinct appearance, morphological synapomorphies defining Panopinae are few, so this modification is minor. The subfamily is traditionally characterized by the presence of tibial spurs, which are also present in Pterodontia but are absent in Psilodera and an already well-established panopine genus Apsona.
The topology based on the combined data without phylogenetic constraints resulted in Psilodera placed as sister to part of Cyrtinae ( Figure S1 ), a relationship supported by their complete wing venation, which is presumably plesiomorphic for Acroceridae ( Fig. 3) . Moreover, Pterodontia was recovered in a clade with Corononcodes and Ogcodes with high statistical support (PP = 0.9-1.0). Corononcodes, Ogcodes and Pterodontia are highly apomorphic genera which are characterized by small body size and highly reduced wing venation (Fig. 3) . These morphological similarities, however, are probably a result of convergence, not of common descent as the three genera were placed in two different subfamilies in the analyses using phylogenetic constraints ( Fig. 3 ) and in the phylogenomic analyses of Gillung et al. (2018) . Ogcodes is the sole extant representative of Ogcodinae, and thus lacks tibial spurs and a bifid posterior process of the gonocoxa, which are present in both Pterodontia and Corononcodes and the remaining members of Panopinae. Moreover, in the unconstrained phylogeny, Panopinae was recovered as paraphyletic with respect to Philopotinae, a relationship that is not supported by morphological data; Philopotinae lacks the defining characters of Panopinae identified here, including tibial spurs and a bifid posterior process of the gonocoxa, and the two subfamilies also differ greatly in their genitalic morphology.
Wing venation in Panopinae is typically complete and very similar to the presumed ancestral-type spider fly wing venation (Fig. 2) , with extreme reductions occurring only in Corononcodes and Pterodontia (Fig. 7G, I) . Another major lineage of Panopinae contains genera with a long proboscis, which is commonly longer than the body length; this includes the genera Apsona, Eulonchus, Lasia, Mesophysa and Panops. Based on their long proboscis, additional Panopinae genera that presumably also belong in this clade but were not included in our analyses are Camposella Cole, Coquena Schlinger, Lasioides Collado, Leucopsina Westwood and Pteropexus Macquart. The South American genera Camposella and Coquena are closely related to Lasia and Eulonchus based on the wing venation, antennae placed on the middle of frons, and dense pilosity on the thorax. Camposella, however, is readily distinguished from all other spider flies based on the lack of pulvilli and ocelli, whereas Coquena can be differentiated from its closest relatives based on the proboscis being shorter than the head length (Schlinger et al., 2013) . Likewise, the South American genera Lasioides and Pteropexus are very similar to Lasia, differing only in the shape and size of the flagellum (larger in Lasioides) and in the length of the proboscis (much shorter in Pteropexus).
Finally, the third lineage of Panopinae comprises genera with vestigial mouthparts, including Astomella, Archipialea, Arrhynchus, Corononcodes, Exetasis, Ocnaea, Pialea and Rhysogaster. Other genera presumably belonging to this lineage include Apelleia Bellardi, Astomelloides Schlinger, Physegastrella Brunetti and Stenopialea Speiser. Apelleia is closely related to Ocnaea, differing only in its bare eyes. Astomelloides, in turn, is very similar to Astomella based on the antennae placed near the mouthparts, from which it can be distinguished based solely on vein R 4+5 being forked. Physegastrella is a rare panopine genus known only from the holotype collected in Morocco, and is very similar to Rhysogaster and Astomella, differing only in the lack of eye pilosity (Brunetti, 1926; Schlinger, 1959) . Stenopialea is closely related to Pialea based on the shape of antennae and wing venation, differing mainly in the scapes being separate (scapes are fused in Pialea). The New World genera Arrhynchus, Archipialea, Exetasis and Ocnaea belong in a clade based on the presence of microtrichia in the wing membrane, which is not found in any other panopine genus. Also, the costal vein in these genera ends at CuA, a character shared only with Pterodontia. The costa is circumambient in all other Panopinae, except for Corononcodes, which has reduced wing venation with the costa ending at the wing apex. Affinities of Corononcodes with other panopine genera, in turn, are not well established. The genus is morphologically unusual, representing the only lineage of Panopinae with small body size and extremely reduced wing venation. Slight reduction in wing veins, such as shortening of veins R 4 , M 1 , M 2 and M 3 , are common in Panopinae, occurring, for instance, in Archipialea, Astomella, Astomelloides, Camposella, Exetasis, Lasia, Ocnaea, Pialea, Psilodera, Rhysogaster and Stenopialea. However, Corononcodes exhibits dramatic wing venation reduction, with all wing cells lost, and veins M and CuP reduced. Our results recovered Corononcodes in a clade with the panopine genera with reduced mouthparts, albeit with low statistical support (Figs 3, 4) . A series of characters of the external morphology and genitalia support its placement in this group, including the posterior margin of eye rounded; eyes not contiguous above antennal base; antennae placed near ocellar tubercle; clypeus shorter than flagellum; mouthparts vestigial; legs strongly built, with coxae and femora enlarged; distal apex of parameral sheath in ventral view rounded; and posterior margin of epandrium deeply emarginate.
Placement of fossil taxa
In all, 12 fossil spider fly species are known (Gillung & Winterton, 2017) . The compression fossils A. gibbosus Ussatchev and A. kovalevi (Nartshuk) were not included in our study due to lack of available morphological characters for their confident placement, and their affinities to the rest of Acroceridae remain unknown. They are the sole members of the subfamily Archocyrtinae, known only from Late Jurassic-aged deposits from Karatau, Kazakhstan (c. 150 Ma). Archocyrtinae may represent either the sister lineage to the rest of the family or possibly stem group acrocerids that diverged from the crown spider flies at some time in the Jurassic (Gillung et al., 2018) . The other ten fossil species are placed in Acrocerinae (Schlingeromyia minuta Grimaldi & Hauser) Gillung & Winterton) .
The Burmese amber fossil Schlingeromyia is a very distinctive, minute acrocerid with highly modified wing venation, in which veins Sc and R 1 are very short, cells br and bm are contiguous., and there is an additional crossvein between R 2+3 and R 4+5 (not found in any other spider fly species) ( Fig. 7B , in red). Our results place Schlingeromyia in Acrocerinae (Fig. 4) based on a series of morphological characters, including the small, spherical head; eyes bare and contiguous below the antennal base; vestigial mouthparts; wing with costa ending at wing apex; humeral crossvein absent; R 4+5 not forked (forked only in Acrocera); male abdomen globose; and gonostyli articulated and curved dorsally (Fig. 5C, G, I) .
The ogcodine genus Glaesoncodes was recovered as sister to Ogcodes with high posterior probability (Fig. 4 ). Both Hennig (1968) and Gillung & Winterton (2017) hypothesized this relationship based on their arched body, presence of a cervical region, vestigial mouthparts and bare eyes. The affinities of Ogcodes exotica with other species in the genus are still poorly known, but the fossil species is thought to be more closely related to some extant Old World species based on the clavate hind tibia and abdominal mounds (Grimaldi, 1995; Gillung & Winterton, 2017) .
The phylogenetic position of the five philopotine fossil genera is still poorly understood. The inclusion of the fossil species in the phylogenetic analyses resulted in ambiguity in relationships among Philopotinae genera and severely decreases statistical support (Fig. 4) . Our results placed the fossil genera Eulonchiella Meunier and Hoffeinsomyia Gillung & Winterton in a clade with the Neotropical genus Megalybus based on their complete wing venation, albeit with low statistical support (Fig. 4) . Eulonchiella has been suggested to be more closely related to the Afrotropical genera Dimacrocolus Schlinger, Parahelle Schlinger and Thyllis Erichson, also based on their complete wing venation (Hennig, 1966; Gillung & Winterton, 2011) . Similarly, Hoffeinsomyia was suggested to be closely associated with the Afrotropical genera Archaeterphis Hauser & Winterton and Africaterphis Schlinger based on the postpronotal lobes being proximate but not abutted medially (Gillung & Winterton, 2017) . Hoffeinsomyia, however, differs from the two aforementioned genera by having a much more complete wing venation. In addition, Archaeterphis was placed as the sister taxon to a clade containing Philopota, Terphis and Oligoneura (Fig. 4) . Archaeterphis is presumably more closely related to the extant genus Africaterphis Schlinger as both genera have short mouthparts, reduced wing venation and proximate but noncontiguous postpronotal lobes, but the latter was not included in our analyses due to unavailability of material for DNA extraction. The inclusion of more genera of spider flies in the analyses, including Africaterphis and Dimacrocolus Schlinger, and a greater sample of species of Philopota, Oligoneura, Thyllis, Megalybus, and Parahelle would probably increase resolution and confidence in the estimated relationships.
Resolution and nodal support for fossil placement in the Cyrtinae were, by contrast, much greater than in Philopotinae. Cyrtinella Gillung & Winterton was recovered as the sister to the Palaearctic Cyrtus based on the arched body shape, eyes pilose and contiguous above antennae, alula lacking, and cell m 3 present (Gillung & Winterton, 2017) . Villalites was recovered as sister to the extant Chilean genus Villalus Cole based on their small and spherical head, absence of cell m 3 , and antennae placed on the middle of frons (Gillung & Winterton, 2017) .
Evolution of male genitalia in spider flies
The male genitalia in Acroceridae are relatively simple, consisting of a dorsal epandrium to which the cerci attach; a ventral gonocoxa formed by the fusion of the two gonocoxites with a pair of distal gonostyli; and the aedeagus, which is surrounded by the parameral sheath formed by the medially fused parameres (Figs 5, 6) .
Species of Acrocerinae are unique among spider flies by having articulated gonostyli (Fig. 5C, G, I) and strongly bulbous and protruding male genitalia (Fig. 5A ). In addition, in Acrocera and Carvalhoa, the gonocoxite is curved dorsally in the lateral view ( Fig. F, G, red arrows) as opposed to ventrally as in the remaining acrocerid species (Fig. 5H, red arrow) (not visible in Schlingeromyia), and the gonocoxal apodeme is absent (Fig. 5I) . Also, the cercus is extremely reduced in Acrocerinae (Fig. 6I) , whereas it is well developed in the remaining spider flies (Fig. 6H, J-K) . In the outgroup families investigated here, the gonostyli are also articulated, suggesting that the ancestral condition for Acroceridae is the articulation of the gonostyli, which was subsequently lost in derived species.
Species of Ogcodinae share with Acrocerinae the posterior process of the gonocoxa being reduced as opposed to well developed, as in the remaining spider flies (Fig. 5I, M) . Moreover, in both Acrocerinae and Ogcodinae, the posterior processes of the gonocoxa are proximate, located midway on the gonocoxa (Fig. 5I, M) , whereas they are well separated and located on the sides of the gonocoxa in the remaining spider flies (Fig. 5J,  L) . Moreover, the parameral sheath is thinner than the posterior process of the gonocoxa, whereas it is thicker in all remaining Acroceridae (e.g. Fig. 6B ).
In Acrocerinae, Ogcodinae and Philopotinae, the gonocoxal apex is only slightly emarginated, whereas it is deeply emarginated in Cyrtinae and Panopinae (Fig. 5I, K, M) . In Philopotinae, the posterior processes of gonocoxa are typically greatly broadened (Fig. 6H) . Species of Cyrtinae are characterized by the posterior margin of epandrium, being rounded or only slightly emarginate (Fig. 6G) , and the gonocoxa has two apodemes for muscle attachment (Fig. 6D) . Panopinae is characterized by the posterior processes of the gonocoxa being bifid as opposed to simple as in the remaining spider flies (Figs 5J, 6B-C, E-F). Finally, Pterodontia and Psilodera are unique among Panopinae in having the parameral sheath thinner than the posterior process of the gonocoxa in ventral view (Fig. 6B) . Also, in these two genera, one of the posterior processes of gonocoxa is extremely broadened (Fig. 6B) , whereas in the remaining Panopinae both processes are similar in shape and size (Fig. 6C, E-F) . In most spider flies, the cerci are roughly triangular in shape, but they are extremely elongated in the Ocnaea lineage of Panopinae, which contains the genera with vestigial mouthparts (Fig. 6K) .
Characters that vary greatly within subfamilies and among genera, thus having greater value for the establishment of intergeneric relationships, include: (i) shape of the posterior margin of epandrium (straight, rounded, emarginate; Fig. 6G-K) ; (ii) dimensions of gonocoxa (wider than high or higher than wide; Fig. 5I, K) ; (iii) distal apex of parameral sheath in the ventral view (rounded, emarginate, mucronate, or truncate; Fig. 6A, D-F) .
Multiple reductions of wing venation in spider flies
The ancestral spider fly wing venation is illustrated in Fig. 2 . The complete set of wing veins includes the subcosta, four R veins, four M veins, two Cu veins and one anal vein, all of them reaching or approximating the wing margin. In addition, four cells are present, including the basal radial (br), basal medial (bm), discal (d) and cell r 4+5 . Species of Cyrtinae and Panopinae may exhibit additional cells, including r 5 , m 3 and cubital (Fig. 7D, F, H) . Extreme wing venation reductions are relatively common in Acroceridae, and occurred five independent times in the subfamilies Acrocerinae, Ogcodinae, Philopotinae and Panopinae (Fig. 3) .
The wing venation of Acrocerinae is relatively complete in Carvalhoa and Schlingeromyia, with three R veins, two M veins and cells br, bm, d and r 4+5 present (Figs 2, 7B ). However, venation of Acrocera is extremely reduced, with only one M vein present, cell bm present, and cells br, d and r 4+5 merged into a single cell (Fig. 7A) . Extreme reduction of the wing venation, with several veins and cells lacking, has been used as evidence to group the genera Acrocera, Ogcodes and Pterodontia in a clade (Sabrosky, 1944; Schlinger, 1981) . However, the combined analysis of DNA sequence data and morphology demonstrates that these reductions evolved independently, and that multiple independent secondary losses of wing veins and cells took place in these three unrelated taxa (Fig. 3) . We provide a reinterpretation of the wing homologies established by Gillung & Winterton (2017) for Schlingeromyia based on the ancestral spider fly wing venation presented in Fig. 2 . This scenario is more consistent with both the wing venation of species of Acrocerinae and the phylogenetic relationships recovered here. Gillung & Winterton (2017) suggest that in Schlingeromyia vein R 4+5 is not forked; the third longitudinal vein corresponds to M 1+2 ; and M 3+4 is forked basically, thus forming cell m 3 .
However, cell m 3 is only found in members of Cyrtinae and Panopinae, and in the extinct philopotinae genus Hoffeinsomyia, whereas M 1+2 and M 3+4 are not forked in any members of Acrocerinae. Thus, we reinterpret the third longitudinal vein as R 4+5 and identify the following wing cells in Schlingeromyia: r 2+3 , r 4+5 , d and cu-p. In this scenario we also identify a crossvein between R 2+3 and R 4 , which is not present in any other spider fly species (Fig. 7B) .
The wing venation of Ogcodinae is very reduced, with many cells lacking in the fossil species O. exotica and Glaesoncodes, and all cells missing in the extant species of Ogcodes (Fig. 7C) . Vein R 2+3 is always lacking in the subfamily, and the veins never reach the wing margin. The M veins are not connected to the stem M in some species, being sclerotized only in the posterior portion (Fig. 7C) . The more complete wing venation of both Glaesoncodes and O. exotica when compared with the extant species of Ogcodes suggests that the stem Ogcodinae probably had a relatively more complete wing venation, with Ogcodes suffering a radical secondary reduction of wing veins and cells (Fig. 7C) .
Wing venation of Philopotinae, in turn, can be either complete or extremely reduced. Most genera have an ancestral acrocerid venation (Fig. 2) , with an additional cell cup present, but species in one clade are characterized by aggressive loss of cells and veins in varying degrees (Fig. 3 ). All genera of Philopotinae lack cell m 3 , with the exception of the Baltic amber genus Hoffeinsomyia (Gillung & Winterton, 2017) .
Species of Cyrtinae are characterized by a complete wing venation, in which no major reductions occurred (Fig. 3 ). Most genera have an ancestral set of veins and cells, with additional cells m 3 and cup present in most genera (Fig. 7D) . The Afrotropical genera Meruia and Sabroskya and the Chilean endemic Villalus differ from the remaining cyrtine genera by having veins R 4+5 and M 3+4 not forked (and thus cell m 3 absent) (Winterton & Gillung, 2012) . In addition, in most genera, the costal vein is circumambient (e.g. Cyrtus, Cyrtinella and Paracyrtus), whereas it ends at the wing apex in a few genera, including Holops, Sabroskya and Villalus. Finally, vein M 3 may be lost in some species of Opsebius and Turbopsebius and is absent in the Baltic amber genus Villalites.
Similar to Cyrtinae, species of Panopinae are characterized by a complete, ancestral-type spider fly wing venation (Figs 2, 3) . Major wing reductions only occur in Pterodontia and Corononcodes, and slight, occasional reductions are more common in the panopine clade containing the genera with vestigial mouthparts and strongly built legs, including Astomella, Arrhynchus, Ocnaea and Rhysogaster (Fig. 3) . Cells bm, br, r 4+5 , m 3 and cup are typically present, and veins R 4+5 , M 1+2 and M 3+4 are forked, except in Astomella, Corononcodes, Pterodontia and Rhysogaster. Additional wing cells are common, including cell r 5 in Apelleia, Exetasis and Ocnaea, and cell r 2+3 in Camposella, Lasia and Pteropexus. Slight, occasional reductions include shortening of veins R 2+3 , R 4 , R 5 , M 1 and M 2 , and lack of veins R 4 and M 2 . In most species, the costal vein is circumambient, but it may end at the wing apex (Corononcodes) or at CuA (e.g. Ocnaea, Exetasis, Pterodontia). All wing cells are lacking in Corononcodes (Fig. 7I) , while only cells bm and br are present in Pterodontia, in which cells d and r 4+5 are fused into a single cell (Fig. 7G) .
New subfamilial classification of Acroceridae
We propose a revised classification of Acroceridae based on our phylogenetic results and those of previous phylogenomic studies (Gillung et al., 2018) . Additionally, we provide diagnoses for the subfamilies, and a list of all spider fly genera included in each subfamily, both fossil and extant.
Acrocerinae Zetterstedt, 1837
Type genus. Acrocera Meigen, 1803: 266.
Diagnosis. Small to medium-sized flies, with relatively small, rounded head and globose abdomen; eyes bare; antennae placed on the upper part of head, closer to ocellar tubercle; antennal flagellum styliform, not elongate, shorter than head length; mouthparts vestigial, proboscis absent; body shape not arched; body pile short and sparse; postpronotal lobes not enlarged and not meeting medially; wing venation relatively complete (Fig. 7B) [extremely reduced in Acrocera, with cells br, m 3 , r 4+5 and d fused into a single composite cell ( Fig. 7A)] ; usually one or two M veins approximating wing margin; frequent reduction and loss of veins r 2+3 and r 4 in Acrocera; humeral crossvein absent; wing costal margin ending apically; cell m 3 absent; tibial spurs absent; male terminalia bulbous; gonostyli articulated ( Fig. 5C, I) ; posterior process of the gonocoxa simple (Fig. 5I) . Remarks. Acrocerinae is here redefined to include only three genera: the cosmopolitan and species-rich Acrocera, the Andean Carvalhoa and the fossil Schlingeromyia from Burmese amber. The subfamily is defined by two putative apomorphies: the male terminalia bulbous and protruding (absent in Schlingeromyia), and the gonostyli articulated. Acrocerinae diverged from the remaining spider fly lineages very early in acrocerid evolution in the Middle Jurassic, c. 156-174 Ma (Gillung et al., 2018) , and contains species that differ quite extensively from the remaining spider flies, in terms of both morphology and behaviour. Species of Acrocerinae are restricted to spider hosts in the Araneomorphae and are unique among Acroceridae in attacking Haplogynae araneomorph spiders. Species of Acrocera, however, also attack Entelegynae spiders (Gillung & Borkent, 2017) .
Archocyrtinae Ussatchev, 1968
Type genus. Archocyrtus Ussatchev, 1968: 622. Diagnosis. Small to medium-sized flies, with relatively small, rounded head and globose abdomen; antennae placed on the upper part of head, closer to ocellar tubercle; antennal flagellum styliform, not elongate, shorter than head length; mouthparts vestigial, proboscis absent; body shape not arched; postpronotal lobes not enlarged and not meeting medially; wing venation relatively complete, cells br, bm and d present; three M veins reaching wing margin; humeral crossvein absent (present in A. kovalevi); wing costal margin ending apically in the radial field; cell m 3 absent; tibial spurs absent.
Included genera. Archocyrtus Ussatchev.
Remarks. The subfamily Archocyrtinae was erected by Ussatchev (1968) for the Jurassic-aged compression fossil A. gibbosus Ussatchev. The genus was later revised by Gillung & Winterton (2017) to also include A. kovalevi (Nartshuk) (=Juracyrtus kovalevi). Even though apomorphic characters were not identified for the subfamily, Archocyrtinae is easily recognized and readily distinguished from the remaining spider flies based on the unique combination of characters listed in the diagnosis. Affinities of Archocyrtinae with other lineages of Acroceridae are still uncertain, mainly due to the lack of preserved characters in the two compression-fossil species in the group. Gillung & Winterton (2017) hypothesized that Archocyrtus is closely related to the extant genus Acrocera, and possibly represents a stem group of Acroceridae. A more thorough examination of the morphological characters of the two compression fossils using advanced methods of fossil imaging (e.g. micro-CT scans) and a comprehensive revision of Acrocera might establish the affinities of Archocyrtinae to the remaining spider flies.
Cyrtinae Newman, 1834 stat. rev.
Type genus. Cyrtus Latreille, 1797: 154.
Diagnosis. Medium to large-sized flies, with relatively small, rounded head and globose abdomen; eyes bare or pilose; antennae placed on the upper part of head, closer to ocellar tubercle or on the middle of frons; antennal flagellum styliform, not elongate, shorter than head length; proboscis absent or well developed; body shape arched, or not arched; body pile dense and long, or short and sparse; postpronotal lobes not enlarged and not meeting medially; wing venation typically complete, with cells m 3 , d, br, bm and r 4+5 present (Fig. 7D) ; three M veins reaching wing margin; humeral crossvein absent or present; wing costal margin typically circumambient; cell m 3 present; tibial spurs absent; male terminalia not bulbous; gonostyli not articulated ( Figs 5L, 6D) ; posterior process of the gonocoxa simple (Figs 5L, 6D) .
Included genera. Asopsebius Nartshuk, Cyrtinella Gillung & Winterton, Cyrtus Latreille, Hadrogaster Schlinger, Holops Philippi, Meruia Sabrosky, Nipponcyrtus Schlinger, Opsebius Costa, Paracyrtus Schlinger, Sabroskya Schlinger, Subcyrtus Brunetti, Turbopsebius Schlinger, Villalites Hennig, Villalus Cole. Remarks. The subfamily Cyrtinae is here proposed for the genera of the former Acrocerinae, excluding Acrocera and Carvalhoa. We did not find apomorphic characters for the subfamily, but the genera can be readily identified by a unique combination of characters, including antennal flagellum styliform; three M veins reaching wing margin; costa circumambient; cell m 3 present; tibial spurs absent; and posterior process of the gonocoxa simple. Cyrtinae is widely distributed, but many of its genera are endemic to a single zoogeographical region [e.g. Meruia (Africa) and Villalus (Chile)]. Two Baltic-amber species are included in this subfamily, Cyrtinella flavinigra Gillung & Winterton and Villalites electrica Hennig [see Gillung & Winterton (2017) for a detailed review of the fossil species in the group]. Cyrtine spider flies attack araneomorph spiders in the subfamily Entelegynae (Gillung & Borkent, 2017) .
Ogcodinae Rondani, 1841 rev. stat
Type genus. Ogcodes Latreille, 1797: 154.
Diagnosis. Small to medium-sized flies, with relatively small, rounded head and globose abdomen; eyes bare; antennae placed on the lower part of the head, closer to mouthparts; antennal flagellum styliform, not elongate, shorter than head length; mouthparts vestigial, proboscis absent; body shape not arched; body pile short and sparse; postpronotal lobes not enlarged and not meeting medially; wing venation reduced, all wing cells absent in Ogcodes (Fig. 7C) , and cells bm, br and cup present in Glaesoncodes and O. exotica; vein R 2+3 always absent; one or two M veins approximating wing margin; humeral crossvein absent; wing costal margin ending apically; cell m 3 absent; tibial spurs absent; male terminalia not bulbous; gonostyli not articulated; posterior process of the gonocoxa simple ( Fig. 6A) .
Included genera. Glaesoncodes Hennig, Ogcodes Latreille.
Remarks. Ogcodinae is here resurrected and circumscribed for the cosmopolitan Ogcodes and the Baltic-amber genus Glaesoncodes. The subfamily can be readily distinguished from the remaining spider flies based on a unique set of characters, including eyes bare; antennae adjacent to mouthparts; antennal flagellum styliform; proboscis absent; body pile short and sparse; wing venation reduced; costa ending apically; and posterior process of the gonocoxa simple. Ogcodinae diverged from the remaining spider flies in the Lower Cretaceous (c. 128-146 Ma; Gillung et al., 2018) and contains the most species-rich genus in the family, Ogcodes. Species of Ogcodinae attack spiders in the Araneomorphae (Entelegynae) (Gillung & Borkent, 2017) .
Panopinae Schiner, 1867
Type genus. Panops Lamarck, 1804: 263.
Diagnosis. Small to large-sized flies, with relatively large, hemispherical head and globose or conical abdomen; eyes usually densely pilose, sometimes sparsely pilose to bare; antennae placed on the upper part of head, closer to ocellar tubercle, in the middle of frons or on the lower part of the head, closer to mouthparts; antennal flagellum tapered, cylindrical to paddle-shaped (stylate in Psilodera and Pterodontia), elongate, commonly longer than head length; proboscis absent or present, sometimes longer than body length (e.g. Eulonchus, Lasia, Psilodera); body shape not arched; body pile dense and long or short and sparse; postpronotal lobes not enlarged and not meeting medially; wing venation typically complete, cells br, bm, m 3 , d, and r 4+5 present (Fig. 7F, H) (venation reduced in Corononcodes; Fig. 7I ); three M veins reaching wing margin; humeral crossvein usually present, sometimes absent; wing costal margin circumambient (ending at wing apex in Astomella and Corononcodes); cell m 3 typically present; tibial spurs present (absent in Apsona and Psilodera); male terminalia not bulbous (Fig. 5B) ; gonostyli not articulated (Fig. 5J) ; posterior process of the gonocoxa bifid ( Fig. 6B-C 
Remarks. The concept of Panopinae is here expanded to accommodate the Afrotropical genus Psilodera and the cosmopolitan Pterodontia. The two genera share several morphological characters with the remaining Panopinae, including the presence of tibial spurs in Pterodontia and the complete wing venation typical of Panopinae in Psilodera. Both genera have been included in Panopinae by various authors (Schiner, 1868; Brunetti, 1926; Schlinger, 1959 Schlinger, , 1981 Nartshuk, 1997) based on morphology, and they have been consistently recovered as sister taxa in previous analyses of alternative data types (Gillung et al., 2018) . Psilodera and Pterodontia are very distinctive from one another, however, with Psilodera lacking tibial spurs and exhibiting wing venation very similar to those of the remaining Panopinae. Pterodontia, by contrast, has a very reduced wing venation and antennal morphology and placement in the head much more similar to genera in Ogcodinae and Cyrtinae (e.g. Ogcodes, Meruia, Sabroskya), although it has the tibial spurs characteristic of Panopinae. Because diagnostic features for the clade containing Psilodera and Pterodontia could not be readily identified, the two genera are here placed in the Panopinae. The bifid posterior process of the gonocoxa is an unambiguous morphological apomorphy of Panopinae. Two additional traits distinguish the species in the subfamily from the remaining spider flies, including the presence of tibial spurs (absent in Apsona and Psilodera) and the elongate, cylindrical, tapered to paddle-like flagellum (stylate in Psilodera and Pterodontia). Panopine species are restricted to spider hosts in the infraorder Mygalomorphae.
Philopotinae Schiner, 1868
Type genus. Philopota Wiedemann, 1830
Diagnosis. Small to large-sized flies, with relatively large, hemispherical head and globose or conical abdomen; eyes bare or pilose; antennae placed on the middle of frons (placed on the lower part of the head, closer to mouthparts in Quasi, Terphis and Africaterphis); antennal flagellum styliform, not elongate, shorter than head length; proboscis absent or well developed; body shape arched; body pile typically short and sparse; postpronotal lobes enlarged and meeting medially to form a collar behind the head; wing venation typically complete, with cells d, br, bm and basal r 4+5 present (Fig. 7E ), or reduced in varying degrees; one, two or three M veins approximating wing margin; humeral crossvein absent or present; wing costal margin ending apically in the radial field; cell m 3 absent (present in Hoffeinsomyia); tibial spurs absent; male terminalia not bulbous; gonostyli not articulated. Remarks. Philopotinae is a bizarre lineage of spider flies whose monophyly is very well established based the enlarged postpronotal lobes forming a collar behind the head, with species having an extremely humpbacked appearance. The subfamily is very diverse in the tropics, with some of the most species-rich genera occurring in South America (Philopota) and Southern Africa (Thyllis and Parahelle). Five philopotine fossil species are known to date, all from Baltic amber (Gillung & Winterton, 2017) . Species of Philopotinae attack araneomorph spiders in the subfamily Entelegynae (Gillung & Borkent, 2017) .
Conclusion
This study comprises the first total-evidence treatment of Acroceridae relationships, with morphological data and molecular sequence data sampled for 60 species across more than half of the spider fly genera (31 out of 60), and morphological characters scored for all but two fossil species. We propose a new classification of spider flies based on the natural groups recovered in our analyses and those of recent phylogenomic studies (Gillung et al., 2018) . The phylogenies estimated are statistically well supported throughout, enabling the confident estimation of the placement and affinities of fossil species in the spider fly Tree of Life. The discussion of morphology and evolution of wing venation and male genitalia provided herein across spider fly lineages will hopefully offer a standardized framework for terminology of the Acroceridae phenotype. The evident rarity of spider flies and the confusing taxonomic classification erected for the genera have hampered progress on the group, but we expect that this comprehensive phylogenetic framework will be useful to other researchers for further exploration of the morphology, biology and taxonomy of the family. Acroceridae is a relatively ancient lineage of flies with origins dating back to the Upper Jurassic, at c. 160 Ma (Gillung et al., 2018) . However, spider fly affinities to the remaining families of lower Brachycera are still unknown, thus hindering any conclusive statement about the group's macroevolution. Our estimates of phylogeny support, at least in part, the subfamilial classification previously proposed for the family and highlight potential areas where the taxonomy and classification require further evaluation, including potential generic synonyms.
Numerous aspects of Acroceridae systematics remain to be explored, including the status of Thyllis, Dimacrocolus and Parahelle as separate genera; the paraphyly of Ocnaea with respect to Exetasis, Arrhynchus and Archipialea; and, finally, the paraphyly of Philopota with respect to Terphis and Oligoneura. In addition, a comprehensive examination of Philopotinae relationships is needed for the understanding of the placement of fossil species. Such endeavours should be carried out with extensive taxon sampling of philopotine genera, of which many are extremely rare, and should be undertaken in a combined, comprehensive approach combining DNA sequence data with morphology.
Supporting Information
Additional supporting information may be found online in the Supporting Information section at the end of the article. Figure S1 . Topology based on the combined analysis of morphological and molecular data without the use of phylogenetic constraints. File S1. Nexus file containing the molecular and morphological alignments and the mrbayes block, with only extant taxa included.
File S2. Nexus file containing the molecular and morphological alignments and the mrbayes block, with both extant and extinct taxa included. 66. Gonostyli articulation: (0) articulated (Fig. 5C , G, I); (1) not articulated (Fig. 5D, E) . The plesiomorphic condition for Acroceridae is the articulation of the gonostyli based on the character's distribution in the spider fly phylogeny and comparison with outgroup families. Articulation of gonostyli is retained only in the Acrocerinae, and it is lost in all other spider flies. 67. Posterior process of the gonocoxa: (0) proximate, located midway on the gonocoxa (Fig. 5I, M) ; (1) well separated, located on the sides of gonocoxa (Fig. 5L, N) . In Acroceridae, the hypandrium is reduced and fused to the gonocoxites, which are in turn fused medially forming a single ventral structure called the gonocoxa. The gonocoxite is fused to the gonostyli posteriorly, thus forming the posterior process of the gonocoxa. 68. Gonocoxite in lateral view: (0) curved dorsally (Fig. 5F, G) ; (1) curved ventrally (Fig. 5H ). In the Acrocerinae, the gonocoxite is curved dorsally in lateral view, and in all remaining spider flies it is curved ventrally. 69. Gonocoxal apodeme: (0) absent (Fig. 5I, M) ; (1) present ( Fig. 5J-L, N) . The gonocoxal apodemes are elongate sclerotized lobes extending anteriorly from the anterodorsal margin of the gonocoxite. They are the place of attachment of the parameral sheath. 70. Cerci size: (0) reduced (Fig. 6I) ; (1) enlarged (Fig. 6G , H, J, K). In Acrocerinae, the cerci are greatly reduced and small, whereas in all remaining spider flies the cerci are well developed and relatively enlarged. 71. Gonocoxa dimensions: (0) width greater than height (Fig. 5I , M); (1) height greater than width (Fig. 5K ). 72. Gonocoxal distal apex: (0) slightly emarginated (Fig. 5I , K, M); (1) deeply emarginated (Fig. 5J, L) . In Acrocerinae, Ogcodinae and Philopotinae, the gonocoxal distal apex is only slightly emarginated, whereas it is deeply emarginated in all remaining spider flies. 73. Posterior process of the gonocoxa in ventral view: (0) enlarged (Fig. 6B) ; (1) reduced (Fig. 6D ); (2) well developed but not enlarged (Fig. 6A ). In the Acrocerinae and Ogcodinae, the posterior process of the gonocoxa is reduced and very small, whereas it is well developed in all remaining spider flies. In Psilodera and Pterodontia, however, the posterior process of the gonocoxa is extremely enlarged in ventral view. 74. Posterior process of the gonocoxa: (0) simple (Fig. 6A, D) ; (1) bifid (Fig. B, C, E, F) .
In the Panopinae, the posterior process of the gonocoxa is bifid, whereas in all remaining spider flies it is simple. 75. Parameral sheet thickness in ventral view: (0) thinner than posterior process of the gonocoxa (Fig. 6B); (1) thicker than posterior process of the gonocoxa (Fig. 6E, F) . The parameral sheath is a protective membrane surrounding the aedeagus. The parameral sheath is very narrow in Acrocerinae, Ogcodinae, Psilodera and Pterodontia, and it is extremely enlarged in all remaining spider flies. 76. Distal apex of parameral sheath in ventral view: (0) rounded (Fig. 6A) ; (1) emarginate (Fig. 6F); (2) truncate (Fig. 6E); (3) mucronate (Fig. 6D) . The distal apex of the parameral sheath varies considerably in shape within subfamilies, being rounded, emarginate, truncate or mucronate in Acroceridae. 77. Posterior process of the gonocoxa in ventral view: (0) thinned (Fig. 6C) ; (1) broadened (Fig. 6D) . The posterior process of the gonocoxa may be thinned or broadened in ventral view, and this character varies considerably across spider fly lineages. 78. Cerci dimensions: (0) not elongate, height equal to width (Fig. 6H, J) ; (1) elongate, height much greater than width (Fig. 6K) . In most spider flies the cerci are somewhat triangle-like in shape, but in Archipialea, Arrhynchus, Exetasis and Ocnaea, cerci are greatly elongated. 79. Posterior margin of epandrium: (0) straight (Fig. 6H) ; (1) smooth, rounded (Fig. 6G); (2) slightly emarginate (Fig. 6J) ; (3) deeply emarginate (Fig. 6K) . The epandrium forms a roof over the aedeagal complex and the gonostyli, and assumes a wide variety of forms, being straight, smooth, slightly emarginate or deeply emarginate. 80. Posterior process of the gonocoxa in ventral view: (0) vertical, directed straight down (Fig. 6C); (1) horizontal, curved sideways (Fig. 6B, D) ; (2) curved upwards (Fig. E, F) . In spider flies, the posterior process of the gonocoxa may be directed vertically or horizontally. When placed vertically, the posterior processes can be directed posteriorly (straight down) or they can be bent upwards. When placed horizontally, they are always curved sideways. 81. Life history: (0) generalist predator; (1) 
